A method based on the rate of depletion of a nutrient from solution was developed to characterize nutrient flux of plant roots. Nutrient concentration of the solution was measured at a series of time intervals to describe the complete depletion curve. An integrated rate equation, based on a Michaelis-Menten model, was developed and fit to the data of the depletion curve using a least-square procedure. The A procedure was also developed to measure uptake rate at constant concentration by adding nutrients to the pot at a constant rate that matched net influx into the root. This method also provides a means of measuring diurnal fluctuations in net influx rates.
aelis constant; and E, efflux, which were used to describe the relation between solution concentration and net influx rate. Models other than Michaelis-Menten could also be used. The method uses only one plant or group of plants to obtain data over a range of nutrient concentrations, is adapted particularly to the low concentration range, and measures the concentration below which net influx ceases. With this method the plant is in steady state absorption prior to the experiment and continues at this steady state until near the end of the experiment.
A procedure was also developed to measure uptake rate at constant concentration by adding nutrients to the pot at a constant rate that matched net influx into the root. This method also provides a means of measuring diurnal fluctuations in net influx rates.
Knowledge of the relation between the rate of ion absorption by plant roots and the concentration of the ion external to the root is important for doing plant nutrition studies, for investigating ion absorption mechanisms, and for evaluating mechanisms supplying nutrients to roots growing in soil (6, 10) . Hence, a convenient procedure that mathematically describes the kinetics of ion absorption would be useful.
Ion absorption rate as related to ion concentration in the external solution has usually been measured using short term absorption by excised roots of isotopically labeled ions from solution (4) and long term absorption by intact plants from solutions maintained approximately at constant concentration (1) . In the first, only ions with a convenient isotope for labeling can be studied and in both, separate measurements of uptake rate must be made for each of a graded series of ion con-centrations in order to establish the relationship between rate of absorption and concentration of the ion in solution. Where rate of uptake by intact plants is measured over time periods of hours or days, it is often difficult to maintain low concentrations at a constant level.
This paper reports a method for characterizing the rate of ion absorption by the root over a range of ion concentration in solution using only one plant or group of plants. The observed data are evaluated mathematically using MichaelisMenten kinetics so that values are obtained for Vmax, the maximum influx and Kmi, the Michaelis constant, which is the concentration where influx is one-half of Vma., E, efflux, and c0, the ion concentration in solution below which net influx of the ion ceases. The method measures uptake by determining depletion of the ion from solution similar to that used by Olsen (11 (2) . The degree to which the proposed rate equation describes ion uptake kinetics will be indicated by how well the experimental data follow the curve predicted from its integration.
In this paper influx is expressed per unit of root length, L,
Also by definition:
To use the rate equation procedure we need to know the relation between I and c (which is QI v) and E and c to substitute into equation 3 When depletion curves are conducted over time periods long enough to have appreciable root growth, the increase in L with t can be accounted for by using the expression: L = Loe'.t (7) where L. is the root length at the start of the experiment and k, measured separately, is a constant describing the rate of L increase with t. This procedure can also be used to measure diurnal changes of K flux into the root by adding K at a constant rate over a period of 1 or 2 days and following the change in K concentration with time.
Analytical Measurements. At the completion of the experiments, the plants were harvested and root length was determined by the line-intercept procedure (8) . K in the solution Plant Physiol. Vol. 54, 1974 pmoles cm-' sec-1, Kmn of 27.9 ,aM and E of 0.18 pmoles cm-' sec-1. These were used with equation 8 to give a curve of In versus c. This curve and points calculated using the parabolic spline and cubic spline curve-fitting procedures are shown in Figure 2 . samples collected was determined by flame-emission spectroscopy. Standard curves for several concentration ranges were used so that the relative precision of K measurement would be similar over the range of K levels found in the solution.
Fitting Curves to the Experimental Data. Curves were fit to the experimental data by using computer programs for fitting the parabolic and cubic spline (3, 13 The procedure for measuring K uptake from solutions at constant K concentration can also be used to measure diurnal fluctuations in rates of K absorption by roots. When K was fed into the solution in the pot at a constant rate and the K concentration in the solution monitored continuously, the data in Figure 3 were obtained. When the solution K increased, uptake rate was less than the rate of addition. When the K level decreased uptake was faster than the rate of addition. During the dark period, net K influx decreased, when the lights came on, it rapidly increased. The period between clock hours of 11 and 18 had a uniform influx rate and hence would be a desirable time to conduct depletion experiments.
It is sometimes difficult to predict the rate of K addition needed to measure In at constant solution concentration, particularly for values approaching Vms1. A slightly different method can be used where K is added at a rate faster than the plant roots remove at In = Vms1. A larger solution volume is added with the K and a similar larger volume removed continuously for sampling. A level of K in solution will be reached where net K influx plus that removed for sampling equals that added. For example, a 6 mm K solution was added at 1 ml/ min. The K level of the solution in the pot being sampled at 1 ml/min reached a constant level of 4 mm. The net influx into the plant at 4 mm K was equal to the difference in the amount I I 567 of K added and the amount removed or 2 ,umoles of K/min.
Because the K solution concentration was much higher than with the depletion curve, the amount removed was an appreciable amount of that added. The value of E was obtained by using a least-squares fit of the equation to the data. Little information on K efflux is available in the literature. Mengel (7) reported K efflux from barley (Hordeulmt vulgare) roots. We estimate E of 0.17 to 1.6 /umoles g (fresh wt)-1 hr-1 from his data. These are similar to the value we obtained of 0.55 ,umole g-1 hr-'.
DISCUSSION
The three curve-fitting procedures all fit curves closely to the data. The parabolic and cubic spline methods are very flexible and will fit almost any data. Because the integrated rate equation is not so flexible, the degree of fit indicates how well the model chosen describes net K influx. We chose the Michaelis-Menten kinetics model since it has been used widely. It gave a close fit, hence was a useful model for describing K flux of corn roots.
Metabolic uptake of K is generally considered to be by an active uptake mechanism that operates against an electrochemical gradient (5, 12) and hence efflux, which is in the opposite direction would be passive. We have used a constant value for E in our model. If E is passive it would not vary much with c for the conditions of our experiment for the following reasons:
according to Nobel (9, equation 3-15, p 110) the passive flux of an ion across a membrane is proportional to the difference between external and internal concentrations, where the electrical potential is constant. For K, the internal concentration is large (approximately 100 mM) compared to the external concentration (in our experiments <0.2 mM), thus, changes in external concentration would have little effect on the difference between internal and external concentrations and hence E. Internal concentrations in our experiments would remain relatively constant where I is near Vmax. During the last 2 hr when I < Vniax, and assuming constant K translocation, we calculated that internal K concentration would decrease less than 15 % in 2 hr. Using a constant E was a first approximation, other expressions could be used if a lack of fit of the data were observed.
The depletion curve procedure has the advantage that one plant or set of plants can be used in mathematically describing the curve of In versus c, hence, experimental error is reduced as compared to the use of separate pots for each level of c. With the Michaelis-Menten model, a continuous function is generated which is described by Vma., Km, and E. This simplifies the reporting of the effect of environmental factors such as temperature, plant age, and light intensity on nutrient flux characteristics as well as allowing the evaluation of the effect of these variable factors on each of the constants. The procedure also allows for estimation of the concentration below which I. of an ion ceases, a parameter about which little information exists.
The procedure is conceptually correct because the negative slope of the absorption curve is, without assumptions, the rate of net influx. Assumptions are made in the development of the rate equation since an expression must be known beforehand that describes the relation between net influx rate and solution concentration. In this paper, K influx was assumed to follow Michaelis-Menten kinetics and a constant efflux component was used. The model described K uptake by corn satisfactorily. In other research, satisfactory results were obtained using the same model to describe P uptake by corn of various ages. Results for N uptake by corn were not satisfactorily described by this model indicating that a different model may be necessary. 
CLAASSEN i
Because most active ion influx in the low concentration range may be described by Michaelis-Menten kinetics, lack of fit to the proposed model may result solely from E not remaining constant as c varies. Passive flux has been proposed in some cases to be through exchange or facilitative diffusion (9) .
To get a reliable estimate of the parameters needed for calculating the relation of In versus c it is necessary to have (a) a good estimate of the near linear initial part of the depletion curve, (b) a good estimate of the near horizontal part of the depletion curve which gives the minimum concentration, and (c) a reasonable number of observations joining these segments. The experiment should have a plant to solution ratio such that it can be conducted over a 3 to 5 hr period and diurnal variations in ln are minimized. We have found the following conditions resulted in suitable depletion curves: (a) an initial ion concentration 6 to 10 times Km; (b) an initial rate of decrease in concentration of between 2 and 4 times the concentration of Km/hr, (c) sampling at 10-min intervals; (d) termination of the experiment 1 hr after the horizontal part of the depletion curve is reached.
